This study presents a geomorphological map for Mount Hymettus (Athens, Greece). The geomorphological content was produced by processing DEM derived topographic attributes, hydrography and geology. In particular, the backbone of this procedure was the definition of the appropriate criteria for landform identification by validating conditional statements for the processed data in a GIS environment. Extended fieldwork and photo-interpretation verified the outputs. Following the assessment, the derived landforms were grouped into the following geomorphological units: the main alpine metamorphic mass, the foot slopes and the coastal area. A custom layout regarding symbology, colouring, and generalization was designed in order to highlight the captured geomorphological content. The results indicate that the DEM derived topographic attributes combined with the geological setting and the river network generate successfully a large number of landforms under certain circumstances.
INTRODUCTION
define geomorphological maps as graphical inventories of a landscape depicting landforms and materials (surface and subsurface ones). By definition, the production of such maps requires complex data interpretation regarding morphometry, morphodynamics, morphochronology, morphostructure and morphogenesis (Loibl & Lehmkuhl, 2013) . According to Gustavsson et al. (2006) the two most significant hampering conclusions that derive from this procedure are the following; geomorphological mapping is a time consuming activity (resulting to a cost-intensive one), and the lack of a holistic approach is leading to extended confusions among the scientific community. Nevertheless, the increased demand for accurate geomorphological maps for various purposes (ranging from strictly academic geomorphological research to large infrastructure engineering applications) led more and more researchers to explore automated ways for producing the specified thematic maps.
Geomorphometry, the science of topographic quantification (Pike, 2009) , is undoubtedly the backbone of automated geomorphological mapping. Following the progress of GIS, geomorphometry flourished introducing more and more algorithms related to landform identification and classification (Conrad et al., 2015; Dikau et al., 1995; Dragut & Blashcke, 2006; Lindsay et al., 2015; Rigol-Sanchez et al., 2015; Weiss, 2001) . One step beyond is the recognition of distinctive spatial patterns that define each and every landform separately (Jasiewicz et al., 2013) . All in all, the application of automated techniques driven either by differential geometry or spatial pattern recognition reduces significantly the time needed for geomorphological mapping. However, despite all efforts made to generalize the derived algorithms, selected case studies indicate that not all automated techniques for landform classification apply to all environments (Skentos & Ourania, 2017; Skentos, 2018) .
The map presented here covering the area of Mount Hymettus (Athens, Greece), is the result of both automated and manually expert-driven geomorphological mapping techniques. In addition, this study aims to enhancing the geomorphological content in a distinctive manner by presenting a custom made map layout (generalization, symbology, colouring, etc.).
STUDY AREA
Mount Hymettus is located east of the city of Athens, Greece, presenting the physical eastern boundary of the basin of Athens (Fig. 1) . It has a 12 km elongated shape directed NNE-SSW that ends up to the Saronic Gulf. At the west lies the plain of Messogia, whilst at the nearby north stands Mount Pentelicus (Fig. 1) .
Figure 1. Topographic map of Mount Hymettus accompanied by a terrain map of Attica peninsula
Evzonas, reaching up to 1026 meters, is the highest peak of the mountain.
The elevation is gradually reduced from north to south until the low level of 500 meters near Ntoukas River (Fig. 1) . Heading further south, the elevation increases once again forming a divided mountainous unit slightly rotated (N-S direction). The morphology of the relief is much more intense at the eastern slopes than the western ones (Fig 1) . The rivers developed on both sides of the mountain follow an E-W general direction. All rivers draining the western slopes of Hymettus end up to Saronic Gulf. Concerning the eastern slopes, Ntoukas and all northern rivers cross Messogia plain before ending to the Aegean Sea.
Regarding the local geological setting, the study area consists of both alpine and post alpine geological formations (Skentos et al., 2013) . In particular, the main mountainous mass and the surrounding hills consist of marbles, dolomites, schists and phyllites (Papanikolaou et al., 2004) . Neogene and Pleistocene deposits cover the foot slopes of the mountains, whilst the limited Holocene deposits are associated to the river network and the beachfront. According to Krohe et al. (2010) the genesis of Mount Hymettus is due to the uplifting that took place during the Alpine orogenesis and completed during the Upper Pliocene -Lower Pleistocene. The climatic changes of the Pleistocene along with the subsequent tectonic activity controlled the spatial distribution of the post alpine formations.
MATERIALS AND METHODS

Data Used
For the purpose of this study, medium scale (1/50.000) topographic maps of the Hellenic Military Service were used for capturing all data related to topography (contours, channel network, peaks, etc.). The geological information was taken by the analogue geological map of the region produced by the Institute of Geological and Mineral Exploration of Greece in scale of 1/50.000. All data were processed by applying geospatial tools through open-software GIS (QGIS, SAGA). Large scale aerial photographs obtained by Ktimatologio SA and extended fieldwork were used for the assessment of the deliverables.
Methodology
A GIS was implemented for managing all procedures for the construction of the geomorphological map of Mount Hymettus. In particular, a (20*20)m 2 cell size DEM derived by contour interpolation was used in order to compute the following topographic attributes; slope, terrain ruggedness index (TRI), and profile curvature (Fig. 2) . Before calculating the above attributes, the Planchon/Darboux algorithm was used in SAGA GIS toolbox to fill DEM's depressions (Planchon & Darboux, 2002) . Slope expresses the inclination of the surface of the terrain from either the horizontal or a local base level (Senthilvelan, 2016) . By definition, slope is one of the most significant terrain attributes for identifying a large number of landforms (Tab. 1). Terrain ruggedness index (TRI), calculated as the sum change in elevation between a grid cell and its eight neighbour grid cells, provides a rapid, objective measure of terrain heterogeneity (Riley et al., 1999) . Therefore, an increased TRI shows increased local relief heterogeneity (Fig. 2B ). In contrast, areas showing reduced TRI may host planation surfaces or various depositional landforms under specific conditions (Tab. 1). Curvature indicates the changing rate of the slope of the relief (Blaga, 2012) . Geomorphologically speaking, profile curvature is of utmost significance as it determines the character of the surface (Fig. 2C) . A zero value curvature indicates that the surface is linear and under circumstances may be related to V-shaped valleys (Tab. 1).
Figure 2. Calculated topographic attributes derived by DEM processing: A) Slope, B) TRI, C) Profile Curvature
After calculating all attributes, the data were further processed and analysed in GIS environment to fulfil the conditions described in Table 1 . In particular, Table 1 shows all data used and all criteria defined for the identification of each and every landform. Therefore, besides the calculation of the specified attributes, more intermediate data were generated by processing river network and coastline. Two buffer zones (80m. from channels and 200m. from coastline) were computed to bound the fluvial and coastal environments of the study area. The presented criteria derived both by bibliographical references and by applying the trial and error method on selected locations (Gustavsson et al., 2006; Pavlopoulos et al., 2005; Pavlopoulos et al., 2008; Pavlopoulos et al., 2009; Skentos et al. 2013; Van Asselen & Seijmonsbergen, 2006) . 
Low to Medium
The delivered data were verified both by the large scale aerial photographs and the data captured during fieldwork determining the success volume (Tab. 1). A new map layout concerning the assessed data was designed according to widely accepted cartographic rules (Kraak, 2017; Kraak & Fabrikant, 2017; MacEachren & Taylor, 2013; Robinson, 2017) . The visualization of the captured geomorphological content in a custom manner resulted to the geomorphological map of Mount Hymettus. The customized symbols and the colouring of the features are illustrated according to the map legend (Fig. 3) . The applied methodology described above resulted to the geomorphological map of Mount Hymettus. The medium scale map (1/40.000) projected in WGS84 is presented into the two sheets, the northern and the southern one. (Fig. 4 and Fig. 5 ). The accompanying map legend features the identified landforms into 3 main categories; depositional, coastal, and erosional landforms (Fig. 3) .
From a geomorphological point of view, the map could be further divided into 3 distinctive geomorphological units; the main alpine metamorphic mass covering the central part of study area, the foot slopes of the mountain covered mainly by post alpine depositions, and the coastal area lying to the southern part of the map (Fig. 4 and Fig. 5 ). 
Main alpine metamorphic mass
The main alpine metamorphic mass of Mount Hymettus appears on all midslope and above areas, outlining the core of the mountainous relief. The extremely rugged terrain is formed by erosional processes, driven by the intense tectonic activity of the Lower Pliocene and the following climate changes of the Pleistocene (Krohe et al., 2010; Skentos et al., 2013) . Cliffs and gorges are located at the northern part of the unit, associated with the carbonate bedrock and the relevant high altitude. Both landforms were successfully identified by the selected criteria as presented in Table 1 . The intense erosion that characterizes most of the valleys of the area is due to the lowering of the river network during the intense tectonism of the Lower Pliocene (Krohe et al., 2010) . Despite the fact that deep erosion was easily identified by the criteria set on methodology, the shape of the valley had to be further verified by photo-interpretation. In contrast to all others erosional landforms, karst (cave and dolines) could not be identified through automated techniques. A cave and three dolines that appear near the highest peak of the mountain were captured through photointerpretation and fieldwork. However, the spatial distribution of the karst indicates that besides carbonate rocks, their genesis may be related to tectonism, since all captured karst data are located near active faults. Lastly, the planation surfaces shown on the map were successfully recognised by conducting multivariable analysis (Table 1 ).
Figure 5. The southern sheet of the geomorphological map of Mount Hymettus
The planation surfaces lying over the altitude of 500 meters are related regarding lithology and altitude to the ones of Mount Pentelicus (Skentos et al., 2013) . The extended planation surface of 960-1020 meters is the oldest one. All other planation surfaces (lying lower than 500 meters) are located at the eastern slopes of the mountain and indicate subsequent terrain evolution (Skentos et al., 2013) .
Foot slopes
The foot slopes, lying both to the west and east of the mountain core are characterized by level to nearly level ruggedness, smooth to moderate slopes and the dominance of post-alpine formations. Neogene and Pleistocene deposits cover most of the area, whilst the limited Holocene deposits are concentrated to the banks of selected rivers. Alluvial cones and side debris were identified in various locations on both sides according to the criteria set on Table 1 . The stagnation of the alluvial deposits is due to both extensive artificial arrangements and anthropogenic formations (Skentos et al., 2013) . Additionally, most of the rivers are covered or lost due to the accelerated expansion of the built environment over the last decades. However, deeply eroded Pleistocene valleys shown on the eastern foot slopes are probably associated to tectonic causes. Lastly, inselbergs identified at the northern part of the eastern foot slopes are controlled by low susceptibility to erosion of the in situ alpine rock. The inselberg identification conditions set on methodology were absolutely successful.
Coastal area
The coastal zone that extends at the southern part of the study area presents a complex landscape. In particular, the areas that land marches over the sea consist of coherent rocks and they are associated to erosional processes (steep slopes for alpine rocks and moderate slopes for Neogene formations). In contrast, Vouliagmeni bay, Vari bay and a number of smaller bays that appear in the study area consist of non-coherent geological formations, controlled by depositional processes. The landscape evolution of the coastal area is due to the tectonic activity of the Upper Pliocene, the climate changes of the Pleistocene and the intense human activities over the past few years. In general, the diverse morphogenetic causes hampered the identification automated processes of such landform. However, both steep and moderate slopes of the coast were extracted automatically. In contrast, the type of the beach (sandy, pebbly, mixed) was clarified by photo-interpretation and fieldwork.
CONCLUSIONS
It is an undeniable fact that GIS is of utmost significance regarding geomorphological mapping. Over the past few years, all landform-related algorithms that have been developed, combined with the increased offer of ready to use accurate data (DEM, sat images, aerial photo, geological data, etc.), have reduced significantly both time and cost needed for the production of a geomorphological map. The map presented here covering the area of Mount Hymettus (Athens, Greece), is the result of both automated and manually expert-driven geomorphological mapping techniques.
A DEM and the ensuing geology were the most significant factors that determined the conditions for the identification of the potential landforms of Mount Hymettus. On the one hand, DEM and all derived topographic attributes were produced in an automatic way, meaning that everyone could present the same results just by using the same type of input data (therefore resulting from local to general). On the other hand, the interpretation of geological conditions is a subjective matter, meaning that for the same area, the geological setting may be presented differently by two or more geomorphologists. The potential differences are related to quantitative interpretation regarding the type (e.g. alpine formations vs presentation of each rock separately) and the age (e.g. Quaternary vs Pleistocene and Holocene). As a result, a different approach may lead to different conclusions. Taking into consideration that geology is crucial for geomorphological analysis, the scientific society should determine widely accepted technical data capture rules regarding geological entities that would allow the derived information to participate in generalised landform-related algorithms.
Besides landform identification techniques, this study focused on the map synthesis of the geomorphological map. Taking for granted that a geomorphological map is a special thematic map associated with expert audience, layout was design in a way to highlight the landforms of Mount Hymettus. Therefore, all non-related information to the strictly geomorphological content (topography, geology, settlements) was presented on greyscale colouring. Moreover, contours and DEM were removed from the final map allowing the landforms to interpret the topography by themselves. In contrary, the elevation of the peaks remained (just for guiding purposes).
All in all, implementation of automated geomorphological mapping techniques combined with validation criteria is an efficient way for the production of an accurate geomorphological map. The frontiers in geomorphometry have already highlighted case studies were the results derived from automated techniques should not be taken for granted. Therefore, the final assessment of the delivered data by an expert is inevitable. Lastly, within the near future, I believe that geomorphological mapping research should focus on the quantification of the qualitative data adding efficiently more complex information for processing and interpretation.
